ABSTRACT
Near infrared spectroscopy tissue oxygenation in infants with bronchiolitis during mechanical ventilation and spontaneous breathing Introduction
Noninvasive near-infrared spectroscopy (NIRS) has recently been widely introduced in operating theatres and intensive care units (ICUs). This is mainly for monitoring regional tissue oxygen saturation (rStO 2 ) in children during and after heart operations, although it is now used for many other clinical conditions. The low threshold values of rStO 2 under which tissue desaturation can be harmful for organs have been defined.
(1) Oxygen consumption (VO 2 ) of the breathing and weaning processes in newborn infants can be reduced using certain modes of mechanical ventilation. (2) Bronchiolitis is the most common viral infection of the lower respiratory tract in infants. With severe infections, respiratory failure can ensue, especially in infants with specific risk factors. (3) As well as direct damage to target organs, viral pathogens can elicit inflammatory responses, and severe infections can promote systemic inflammatory response syndrome. This syndrome modifies the microcirculation, with changes in oxygen delivery and uptake. (4) No data are yet available regarding rStO 2 under NIRS and fractional tissue oxygen extraction (FTOE) in brain, liver, kidney and skeletal muscle tissue in infants with bronchiolitis and acute respiratory failure during mechanical ventilation and spontaneous breathing with mild or moderate inflammatory responses. We hypothesized that rStO 2 and FTOE might be disturbed in this group of patients.
Participants and methods

Subject population
The study was approved by the National Medical Ethics Committee of the Republic of Slovenia. In this prospective study we included critically ill infants admitted with acute bronchiolitis between 2009 and 2011. They were treated in a Level III, multidisciplinary Neonatal and Paediatric ICU at the Department of Paediatric Surgery and Intensive Care, Surgical Service, University Medical Centre, Ljubljana (Slovenia). The inclusion criteria were acute bronchiolitis with respiratory failure during and after mechanical ventilation. On the basis of the C-reactive protein (CRP) cut-off value on admission, the infants were divided into two groups: those with low CRP (≤10 mg/ ml; l-CRP group) and those with high CRP (>10 mg/ml; h-CRP group). Clinical data The infant demographic data, arterial blood pressure, breathing frequency, fraction of inspired O 2 in air, fraction of inspired oxygen (FiO 2 ), transfusion and drug support data were collected from hospital documentation. CRP, total blood leukocyte count, pH and hemoglobin (Hb) were collected from laboratory data. Arterial oxygen saturation (SaO 2 ) was continuously measured by transcutaneous pulse oxymetry on a limb. On the basis of radiological criteria, the infants were classified into groups with simple radiological pulmonary changes. (5) Mechanical ventilation, sedation and analgesia All of the infants were treated with conventional mechanical ventilation and/or volume controlled intermittent mandatory ventilation when needed. To avoid having problems with ventilators, pain and distress sedation and analgesia were provided by continuous infusion of benzodiazepine (midazolam) and opioids (fentanyl), following the protocol for our ICU. Measurement of regional tissue oxygenation During hospitalization, we measured rStO 2 of brain, liver and kidney tissue as well as skeletal muscle of the leg for all of the infants. We used a nearinfrared spectrometer for in-vivo optical spectroscopy (5100B; Somanetics Corporation; Troy, Michigan), which allows non-invasive and continuous monitoring of rStO 2 . (6) We pasted adhesive sensors onto the skin of the frontal part of the head, on the lumbar skin, under the right costal margin, and on the leg muscle. These sensors detected changes in oxygenation, deoxygenation and total Hb concentration. (6) Tissue oxygenation was determinated from the different signals that the sensors received, and expressed as percentages of venous oxygenated Hb. (7) To determine tissue oxygen uptake, we used rStO 2 in brain, kidney, liver and skeletal muscle, along with SaO 2 . From the measured rStaO 2 and SaO 2 , we calculated FTOE according to the formula: (SaO 2 -rStO 2 )/SaO 2 . These measurements were taken at four specific times: on admission to ICU, day 1 (D1); after two or three days of mechanical ventilation (D2); on the last day of mechanical ventilation (D3); and during spontaneous breathing, without extra oxygen supply (D4). Each measurement lasted 1 hour. These were compared with normal values from the literature for rStO 2 of brain, liver, kidney and skeletal muscle and 
Results
During the study period, 27 infants with acute bronchiolitis who were admitted CRP, C-reactive protein; D1, at admission; D2, after two or three days of mechanical ventilation; D3, on the last day of mechanical ventilation; D4, during spontaneous breathing, a day before discharge; h, high; l, low. *P calculated with Mann-Whitney U test for l -CRP group versus h -CRP group †P < .05 vs. D2 and D3, statistically significant difference calculated with Friedman ANOVA between 2009 and 2011 and mechanically ventilated in the 14-bed multidisciplinary Paediatric and Neonatal ICU were included in the NIRS measurements. According to the defined CRP cut-off values on admission, the infants were divided into the l-CRP group (≤10 mg/ml; l-CRP group; n = 8) and the h-CRP group (>10 mg/ml; h-CRP group; n = 19). Table 2 shows the demographic characteristics of these infants, both collectively and according to their CRP groups. In 23 of the infants (85%), the polymerase chain reaction analysis for Respiratory Syncytial Virus was positive. In the l-CRP group, Human Bocavirus and Enterovirus were detected for 1 infant, and virological testing for respiratory viruses remained negative for 1 infant. In the h-CRP group, Enterovirus and Rotavirus were detected. When there was suspicion of bacterial infection after cultures were taken, antibiotic treatment was started, according to antibiogram sensitivities. The bacteria isolated were as follows: Heamophilus influenzae, Streptococcus pneumoniae, Moraxella catarrhalis, Pseudomonas aeruginosa, Escherichia coli, Enterobacter cloacae, Serratio Between the CRP groups, there were no differences in antibiotic use. Arterial oxygen saturation There were no significant differences in SaO 2 between the l-CRP and h-CRP groups or according to the measurement days during admission to the ICU (D1-D4) for the l-CRP and h-CRP groups (table 3) . Tissue oxygenation (rStO 2 ) of brain, kidney, liver and skeletal muscle For skeletal muscle in the h-CRP group, rStO 2 difference for D4 (during spontaneous breathing) compared with D1-D3
(during mechanical ventilation), was significant (P < .05). For the other three tissues in the study (brain, liver and kidney), there were no significant differences in rStO 2 between D4 and each of the measurement days when patients were mechanically ventilated (D1 -D3). However, considering the comparison between the l-CRP and h-CRP groups, there was a significantly lower rStO 2 in brain tissue on the last day of mechanical ventilation and spontaneous breathing (D3, D4) (P = .03; P = .04) and higher rStO 2 in liver tissue in the h-CRP group on the last day of mechanical ventilation (D3) (P = .04) (table 4).
Fractional tissue oxygen extraction (FTOE) in brain, liver, kidney and skeletal muscle Table 5 shows the median FTOE for each of the measurement days for all of the infants together and for the l-CRP and h-CRP groups. In liver we found a significant higher FTOE on D4 compared to D3 (P < .05) in the h-CRP group. In skeletal muscle we also found a significantly higher FTOE on D4 compared to D1 and D2 (P < .05; P < .05), in the h-CRP group. On D3 and D4, in the brain there was a higher FTOE in the h-CRP group compared to the l-CRP group, but it did not reached signifi- CRP, C-reactive protein; D1, on admission; D2, after two or three days of mechanical ventilation; D3, on the last day of mechanical ventilation; D4, during spontaneous breathing, a day before discharge; h, high; l, low. *P calculated with Mann-Whitney U test for l -CRP group versus h -CRP group †,P < .05 vs. D1, statistically significant difference calculated with Friedman ANOVA ‡P < .005 vs. D3, statistically significant difference calculated with Friedman ANOVA † ‡ P < .05 vs. D3, D4, statistically significant difference calculated with Friedman ANOVA ‡ ‡ P < .05 vs. D1, statistically significant difference calculated with Friedman ANOVA † ‡ ‡ P < .05 vs. D3, statistically significant difference calculated with Friedman ANOVA ‡ ‡ ‡ P < .05 vs. D2, statistically significant difference calculated with Friedman ANOVA † ‡ ‡ ‡ P < .05 vs. D1, D2, statistically significant difference calculated with Friedman ANOVA cance (P = .06; P = .08); conversely, in the liver, the lower FTOE in the h-CRP group compared to the l-CRP group at D3 reached significance (P = .04). Correlations among CRP, SaO 2 , rStO 2 and FTOE in brain, liver, kidney and skeletal muscle Table 6 gives the correlations between the SaO 2 and FTOE. There were positive correlations in all tissues, though statistically significant positive correlations were found only for the h-CRP group of patients in kidney tissue (r = .253; P = .039). Table 7 shows the correlations between the SaO 2 and rStO 2 . No statistically significant correlations were found in all groups of patients. There were strong negative correlations between the rStO 2 and FTOE for all of the tissues across all of the groups (P < .001) (table 8).
In tables 9 and 10 correlations between CRP and rStO 2 , and CRP and FTOE in all of the tissues are presented. A positive correlation between CRP and rStO 2 (r = .297; P = .004) and negative between CRP and FTOE (r = -.360; P = .000) was found in skeletal muscle in all infants combined. No significant correlations were found in the other three tissues.
Discussion
The main finding of our study is that in infants with acute bronchiolitis (during and after mechanical ventilation), and mild or moderate inflammatory responses on admission and thereafter, the rStO 2 and FTOE levels in the tissues measured never decreased below normal values. The second particular finding is that for all of the infants combined , and for the h-CRP subgroup in particular, the rStO 2 of skeletal muscle during spontaneous breathing before discharge from the ICU (D4) was lower and FTOE was higher compared to the first and third day of mechanical ventilation (D1, D2). In liver tissue, a higher FTOE at D4 compared to D3 was also found. Moreover, there were higher rStO 2 and lower FTOE in liver in the h-CRP group compared to l-CRP group during the last day of mechanical ventilation (D3). Furthermore, there were lower rStO 2 and higher FTOE in brain tissue in the h-CRP group compared to l-CRP group during the last day of mechanical ventilation and spontaneous breathing (D3, D4). There were also highly significant negative correlations between rStO 2 and FTOE in skeletal muscle, as well as in the other three tissues, for all of the infants together and for both of the CRP groups. But, on the other hand, positive correlations between CRP and rStO 2 and negative between CRP and FTOE in skeletal muscle in the combined group of infants, as well as in the l-CRP and h-CRP groups of patients, might indicate that tissue oxygen delivery and extraction were not critically but only mildly disturbed. (14) studied the optimal values of oxygen saturation in the mesenterial area. They reported that when regional oxygen desaturation of the splanchnic area in infants with pulmonary atresia and intact ventricular septum with adequate and stable pulmonary flow dropped to 24.5%, this was related to the appearance of necrotizing enterocolitis. Hoffman et al. (15) showed that measurements of kidney saturation can predict acute renal failure after heart operations in neonates.
In children with pernicious anemia, Raj et al. (16) reported that measurements of rStO 2 can predict those patients who are at increased risk of brain hypoxia during the awake and sleep states. In our infants, there was a strong negative correlation between rStO 2 and FTOE, which indicated that during the lowering of rStO 2 , FTOE in all four of these observed tissues increased, and therefore oxygen delivery and consumption are not likely to be critically disturbed. Petrova and Mehta (8) showed that a reduction in cerebral and kidney oxygenation during which arterial saturation decreases from 70% to 80% has an increased FTOE in kidney, while its use in cerebral tissue did not significantly change. In our study, SaO 2 positively correlated with FTOE in both cerebral and kidney tissues (table 6) . How mechanical ventilation and spontaneous breathing under different clinical conditions during brain hypoxia might affect rStO 2 and FTOE were also investigated by Chien et al. in animal studies. They showed that in the animal model with and without hypoxia induced by decreasing the frequency of mechanical ventilation from 40 per min to 20 per min, rStO 2 of the brain decreased, but FTOE increased in both groups of animals. (17) During the third days of mechanical ventilation (D2), CRP was the highest for all of the infants together as well as in both of the CRP groups, which indicated mild-to-moderate inflammatory responses with some signs of systemic inflammatory response syndrome. Afterwards, the CRP decreased significantly in these infants, until they started breathing spontaneously. While we found for all of the infants and for the CRP, C-reactive protein; FTOE, fractional tissue oxygen extraction; h, high; l, low; rStO 2 , regional tissue oxygen saturation. P* statistical significance r † Spearman's correlation coefficient h-CRP group that during mechanical breathing there was decreased FTOE in skeletal muscle, as compared to spontaneous breathing, these changes were not seen for the l-CRP group. We were not able to measure the consequent serum lactate levels in all blood samples, but blood samples, which were occasionally taken on our patients, had lactate levels within reference values. Moreover, the pH values taken at the same time when these other measurements were carried out were all in the normal range. Because of a decreased FTOE that was found in skeletal muscle in the h-CRP group on D1 and D2 compared to D4, we speculate that the infants in the h-CRP group might have had stronger inflammatory responses than those in the l-CRP group, which could affect the microcirculation in the tissues. In systemic inflammatory response syndrome, the microcirculation can be affected in several ways. There is an increase in the number of nonperfused capillaries and systemic vascular permeability, and in addition there is disruption of autoregulation of the local blood flow. (9) Part of the tissue, where there is a reduced flow of blood through the capillaries, can become hypoxic, which will result in a reduction in FTOE in the affected tissues. (18) At the same time, the blood flow in the tissues increases, which is why tissue saturation does not change, or might even increase. (6) So we would expect that rStO 2 between the l-CRP and h-CRP groups will not be different. This has been demonstrated in kidney and skeletal muscle. For the latter, our results are in agreement with the study by Strahovnik and Podbregar. (6) Statistically significant differences were seen between l-CRP and h-CRP groups of patients for brain tissue on D3 and D4 and for liver tissue on the last day of mechanical ventilation (D3). In the l-CRP group, the brain rStO 2 during D3 and D4 was 81.00% and 75.00%, consecutively and in the h-CRP group, 69.00% and 67.00%, consecutively. The liver rStO 2 during D3 in the l-CRP group was 66.0%, while in the h-CRP group, it was higher, 79.00 percent. We expected that maybe under the stronger inflammatory response, there would be differences in FTOE in kidney and skeletal muscle between the two CRP groups, and that the FTOE values of the h-CRP group would be higher consequently. Comparing FTOE between the two CRP groups, we observed that the FTOE values in the h-CRP group were on average higher than in the l-CRP group in the brain at D3 and D4, but lower in the liver at D3. At the same time, no differences for kidney and skeletal muscle were found between the two CRP groups. Why was there a difference in rStO 2 and FTOE only in brain and liver tissue, but not in the kidney and skeletal muscle and why, apart from skeletal muscle and liver, was there no difference between spontaneous breathing and mechanical ventilation in neither the l-CRP nor in the h-CRP subgroups of patients? At present, we are not able to specifically explain these data. What we can confirm from our data is that CRP positively correlates with rStO 2 and negatively with FTOE in skeletal muscle (tables 9 and 10), but not for the other three studied tissues and this might be the cause for differences found in skeletal muscle. In regard to the liver, we can only speculate that the systemic inflammatory response in the infants in the h-CRP group increased the blood flow to the liver and the lower FTOE was just compensated for by higher blood flow, but no correlations were found between CRP and rStO 2 and CRP and FTOE to explain this speculation. As we already mentioned above, we should be aware A weakness of our study is that we failed to obtain any sudden oxygen desaturation, which can appear in the first few days in infants with acute bronchiolitis. One of the limitations of our study is the small number of participants, although the group was very homogeneous, as all of the infants weighed less than 5 kg, and the levels of CRP in the two groups at entry into the study showed an evident difference for these infants, in terms of the l-CRP and h-CRP groups. The last but not least weakness is that we did not measure Doppler flow and therefore interpretation of preserved or impaired tissue auto-regulation is very difficult and even speculative. In conclusion we can say that we have shown that during mechanical ventilation of infants with acute bronchiolitis, there were no major disturbances in rStO 2 and FTOE during the period of observation.
